In the past fifteen years, an emerging group of genetic diseases have been described that result from DNA rearrangements rather than from single nucleotide changes. Such conditions have been referred to as genomic disorders. The predominant molecular mechanism underlying the rearrangements that cause this group of diseases and traits is nonallelic homologous recombination (NAHR) (unequal crossing-over between chromatids or chromosomes) utilizing low-copy repeats (LCRs) (also known as segmental duplications) as substrates. In contradistinction to highly repetitive sequences (e.g. Alu and LINE elements), these higher-order genomic architectural features usually span Ͼ1 kb and up to hundreds of kilobases of genomic DNA, share Ͼ96% sequence identity and constitute Ͼ5% of the human genome. Many LCRs have complex structure and have arisen during primate speciation as a result of serial segmental duplications. LCRs can stimulate and/or mediate constitutional (both recurrent and nonrecurrent), evolutionary, and somatic rearrangements. Recently, copy-number variations (CNVs), also referred to as large-scale copy-number variations (LCVs) or copy-number polymorphisms (CNPs), parenthetically often associated with LCRs, have been demonstrated as a source of human variation as well as a potential cause of diseases. In addition to fluorescence in situ hybridization (FISH), pulsed-field gel electrophoresis (PFGE), and in silico analyses, multiplex ligation-dependent probe amplification (MLPA), and array comparative genomic hybridization (aCGH) with BAC and PAC clones have proven to be useful diagnostic methods for the detection and characterization of DNA rearrangements with the latter enabling high-resolution genome-wide analysis. The clinical implementation of such techniques is revolutionizing clinical cytogenetics.
molecular genetic mechanism responsible for these events is an intra-or interchromosomal nonallelic homologous recombination (NAHR), or unequal crossing-over, between low-copy repeats (LCRs) [2] [3] [4] [5] [6] [7] [8] [9] . LCRs also known as segmental duplications, duplicons, or paralogous sequences are genomic fragments of high sequence identity (Ͼ96%), range in size between Ͼ1 kb and hundreds of kilobases and account for ϳ5% of the human genome [10] [11] [12] [13] . When located in direct orientation, LCRs can mediate deletions or reciprocal duplications of the genomic region located between them, whereas NAHR between inverted LCRs can result in inversion of the intervening genomic segment [1] . In the LCRs of a more complex structure consisting of both direct and inverted subunits, distinct subunits can serve as NAHR substrates, leading to either inversion or a deletion/duplication, depending on the orientation of those utilized as the recombination substrates ( fig. 1 ) [1, [14] [15] [16] [17] [18] .
Genomic disorders are caused in most cases by de novo rearrangements that occur with a high ϳ10 Ϫ4 frequency [14] . The abnormal phenotype results from a deletion, duplication, or disruption of the dosage-sensitive gene(s) contained in the rearranged region. Based on the LCR/NAHR mechanism, equal frequencies of the recurrent common deletions and the reciprocal duplications are expected. Similar to large chromosomal segmental aneusomies yielding partial monosomies, that are known to manifest with the more severe phenotype than the reciprocal trisomies, the submicroscopic deletions may potentially be associated with an increased prenatal lethality relative to their reciprocal duplications. This could theoretically result in a higher prevalence of the postnatal duplications. However, probably because of the ascertainment bias due to the milder or even Fig. 1 . LCR-based complex DNA structure. Genomic architecture of the familial juvenile nephronophthisis (NPHP1) chromosome region at 2q13. NAHR between inverted ϳ300-kb LCRs can lead to non-pathogenic submicroscopic inversion found in heterozygous status in ϳ21% of control individuals and homozygous status in 1.3% of normal individuals. Only 45-kb subunits are oriented in the same directions stimulating and mediating the recurrent ϳ290-kb deletion identified in homozygous state in ϳ80% of patients with recessive NPHP1 [15] and likely polymorphic reciprocal duplication (Cheung and Beaudet, unpublished observation) involving the dosage sensitive NPHP1 gene.
normal phenotype, and the molecular diagnostic challenge of identifying 3:2 vs. 2:1 dosage differences, only a few cases of reciprocal duplications have been described to date. Some of this frequency discrepancy may disappear as more subjects will be analyzed using better screening methods.
Moreover, the same frequencies of genomic disorders might be anticipated in different world populations if genome architecture is similar among different people. However, the observation of significant differences in frequencies for one common deletion causing Sotos syndrome, ranging from ϳ9% in the European population to 50% in Japan [19] [20] [21] [22] [23] [24] , suggests a continuous evolution of LCRs.
Evolution of LCRs
Most of the LCRs responsible for disease associated rearrangements are not present in the mouse genome and have arisen recently, during primate speciation [17] . Alu-Alu recombination has been proposed to have played an important role in the origin of many of them [25] [26] [27] .
The level of sequence identity between LCRs is thought to reflect the time of their origin during evolution. The later the LCRs arose, the higher the sequence identity between them is expected. However, ongoing gene conversion events have led to the homogenization of LCRs and thus inaccuracy in dating events using current molecular clock analysis. For example, molecular and computational studies of the LCRs in 17p revealed evidence for continuous recombination events between ϳ115 kb LCR17pA/D and ϳ118 kb LCR17pD copies of 98.5% sequence identity in patients with Smith-Magenis syndrome (SMS) and an uncommon but recurrent deletion [28] . Conversely, no deletions have been identified between LCR17pA/C (ϳ79 kb) and LCR17pC (ϳ91 kb) copies that are thought to have arisen evolutionarily at the same time as LCR17pA/D and LCR17pD, yet have only ϳ88% sequence identity. This suggests that the deficiency in gene conversion events between the latter copies resulted in declining frequency of NAHR with divergence decreasing homology to below the recombination stimulating threshold and subsequent lack of recombination events [29] .
Recombination Hotspots
The strand exchanges for NAHR sites are not scattered throughout the length of homology within LCRs, but cluster in recombination hotspots [3, 30] . The hotspots were localized to a 500-bp region within the ϳ24-kb CMT1A-REPs [30] [31] [32] , 2 kb in NF1-REPs [33] , 1.1 kb with 501-bp stretch of perfect identity within ϳ200-kb SMS-REPs [34] , 524 bp within the ϳ120-kb LCR17pA and LCR17pD [28] and 2.5-3 kb in ϳ50-65 kb Sos-REPs [18, 35] . However, no specific primary or secondary DNA sequence motifs or features of DNA in these hotspots could be identified [36] .
Proximal 17p
The proximal chromosome 17p, in which Ͼ23% of the genomic sequence consists of LCRs, has provided an excellent model for studying the role of genome architecture involving LCRs in the origin of genomic disorders with constitutional, evolutionary, and somatic rearrangements having been described [37] .
CMT1A/HNPP
Charcot-Marie-Tooth type 1 disease (CMT1A) and hereditary neuropathy with liability to pressure palsies (HNPP) are well known genomic disorders caused in Ͼ99% of cases by copy-number change of a dosage sensitive gene PMP22 as a result of reciprocal duplication or deletion of a ϳ1.4-Mb genomic fragment within 17p12, respectively [3, 38] . This genomic segment is flanked by two ϳ24-kb and ϳ98.7% identical LCRs, termed the proximal CMT1A-REP and the distal CMT1A-REP, which serve as substrates for NAHR [2, 39] .
SMS/dup(17)(p11.2p11.2) Syndrome
SMS is a multiple congenital anomalies and mental retardation disorder resulting from haploinsufficiency of the RAI1 gene on chromosome 17p11.2 [40] [41] [42] [43] [44] . In 70-80% of SMS patients, RAI1 is deleted along with an ϳ4-Mb genomic segment flanked by large, complex, highly identical (ϳ98.7%), and directly oriented, proximal (ϳ256 kb) and distal (ϳ176 kb) LCRs termed SMS-REPs via the NAHR mechanism (common deletion) [45, 46] . A third LCR copy, the middle SMS-REP (ϳ241 kb) is inverted and located between the proximal and distal copies [46] . In about 4% of the SMS patients, an uncommon but recurrent microdeletion ϳ5 Mb in size was found to be mediated by NAHR utilizing the directly oriented LCR17pA/D and LCR17pD copies [28, 47] . The remainder (20-25%) of SMS patients with chromosome deletions harbor nonrecurrent unusual smaller and larger sized deletions; the majority of which have LCRs at both or one breakpoint, indicating the important role of genomic architecture in their formation [28, 34, [47] [48] [49] . Analysis of products of recombination in nonrecurrent unusual sized SMS deletions revealed nonhomologous end joining (NHEJ) as an important underlying mechanism [50] .
Using molecular and computational analyses of the human and primate genomic regions, the complex structure and evolution of LCRs in proximal 17 p was delineated. This complex genome architecture was found to have arisen over the course of primate speciation during the interval of ϳ3-50 million years ago, as a result of serial segmental duplication events [29, 46] .
Somatic Rearrangements
The burden of the evolutionary legacy of LCRs in proximal 17 p was shown to be responsible also for the recurrent somatic rearrangement, isodicentric chromosome idic(17)(p11). This isodicentric chromosome is frequently found in various hematological malignancies including chronic myeloid leukemia (CML) and in solid tumors such as childhood primitive neuroectodermal tumors (PNETs) and signifies a poor prognosis. The idic(17)(p11) breakpoints cluster within five cruciform structures containing ϳ38-49-kb LCRs of ϳ99.8% identity in the SMS common deletion region [51] .
Genomic architecture involving LCRs has been shown to also play an important role in the formation of the most frequent chromosome abnormalities found in chronic myeloid leukemia -Philadelphia chromosome translocation t(9;22)(q34;q11) [52] . Recently, DNA cruciform structures have been found to be causative for gene amplifications in cancer [53] .
Microduplications

Dup(17)(p11.2p11.2) -The Homologous Recombination Reciprocal of the Common SMS Deletion
The ϳ4-Mb genomic interval commonly deleted in patients with SMS has been found to be duplicated in patients with dup(17)(p11.2p11.2). This duplication causes a relatively mild and variable physical and behavioral phenotype including dysmorphic craniofacial features, aortic root enlargement, hypotonia, failure to thrive, oropharyngeal dysphagia, neurocognitive impairment, autistic, aggressive, and self-injurious behavior and sleep disturbances; the latter distinct from those in patients with common deletion 17p11.2 [54] . The degree of organ dysgenesis also appears to be less prominent with the duplication in comparison to the deletion.
Dup(22)(q11.2q11.2)
The role of LCR/NAHR has been shown also in the origin of a dup(22) (q11.2q11.2) syndrome. However, unlike the dup(17)(p11.2p11.2) syndrome, the sizes of the duplications vary with distal breakpoints mapping to different distal LCR22s and only a portion of them being reciprocal to the common 3-Mb deletion found in patients with DiGeorge/Velocardiofacial (DGS/VCFS) syndrome. This likely suggests that larger duplications are more tolerated than larger deletions [4, 55, 56] . The phenotype of the dup(22)(q11.2q11.2) syndrome is extremely diverse [57] and only in a few patients does it resemble the DGS/VCFS features [55] . LCR22s mediate also the formation of chromosome inv dup(22) associated with cat eye syndrome as well as the most frequent nonRobertsonian recurrent translocation t(11;22)(q23;q11.2) [58] .
Dup(15)(q11.2q13)
Unequal crossing-over between LCRs on chromosome 15 leads to rare interstitial duplications and triplications and to the more common inv dup (15) . Maternally derived interstitial duplications of 15q11.2-q13 are associated with various types of intellectual impairment, including autistic spectrum disorders [59, 60] , that are distinct from the reciprocal Prader-Willi (PWS) and Angelman (AS) deletion syndromes. Paternal interstitial duplications and inv dup(15) have been described very rarely and are most likely benign.
To date, the predicted duplication reciprocal to the Williams-Beuren syndrome (WBS) deletion and other deletion syndromes caused by the LCR/ NAHR mechanism, remain to be identified.
Submicroscopic Inversions
Submicroscopic paracentric inversions due to NAHR between inverted LCRs, can manifest with an abnormal phenotype when one of the breakpoints disrupts the haploinsufficient gene. The first such cases described involved the F8 gene in ϳ50% of patients with hemophilia A [61] , the IDS gene in 13% of patients with Hunter disease [62] , and the EMD gene on Xq28 in some patients with Emery-Dreifuss muscular dystrophy [63, 64] .
The LCRs associated with WBS have a complex structure with some subunits positioned in direct and others in inverted orientation [65] . The analysis of the WBS region in parents of the patients with WBS revealed that about one third of parents transmitting the deleted chromosome are a carrier of a constitutional inversion between the LCR subunits oriented in opposite direction [9, 66] . Using cis-morphisms [67] (paralogous sequence variants, site specific nucleotide differences, or multisite variations), Bayés et al. [9] proposed that WBSinv-1 inversion occurs as an intrachromosomal rearrangement utilizing most likely the middle and telomeric subunits B of WBS-LCRs, followed by interchromosomal rearrangements, leading to genomic deletion. Interestingly, the WBSinv-1 has been identified also in three individuals with clinical features that show some similarity to WBS [66] .
A heterozygous inversion with breakpoints in PWS/AS-LCRs BP2 and BP3 has been identified in four of six mothers of children with AS due to the chromosome deletions and was not found in mothers of AS patients with paternal uniparental disomy 15. Furthermore, this inversion was also found in 9% of 44 controls [68] . However, to date, no genomic inversions in 15q11.2q13 have been described in fathers of patients with PWS.
More than 80% of nucleotide sequences that constitute LCR22-2 and LCR22-4 in the DGS chromosome region on 22q11.2 are in direct orientation. No genomic inversions have been identified between LCR22-2 and LCR22-4 [69, 70] . Similarly, a search for potential inversions revealed no rearrangements between inversely oriented middle SMS-REP and either proximal or distal SMS-REP copies in the parents of children with SMS caused by 17p11.2 deletion (Stankiewicz and Lupski, unpublished observation).
Studies on normal individuals revealed that 26% of the European population and 39% of the Japanese population carry a submicroscopic 3.5-Mb heterozygous paracentric 8p23.1 inversion with breakpoints within the olfactory receptor LCRs [16, 71] . The inverted abnormal chromosome was demonstrated to be responsible for the origin of the frequent recurrent inv dup(8p) chromosome [16] as well as recurrent translocation t(4;8)(p16;p23) [72] .
Similar to the recurrent t(4;8)(p16;p23) translocation, Jobling et al. [73] showed that the 3-Mb inversion in Yp present in some males can stimulate the formation of the PRKX/PRKY translocation responsible for most XX males and some XY females. Furthermore, cryptic inversions via the complex series of deletions and duplications mediated by several types of LCRs result in azoospermia c (AZFc) [74, 75] .
Recently, Stefansson et al. [76] identified a ϳ900-kb inversion polymorphism in about 20% of Europeans which was rare in Africans and almost absent in East Asians. This inversion is associated with a haplotype block. Interestingly, individuals carrying this inversion have more children and have higher recombination rates than noncarriers.
Copy-Number Variations (CNVs)
Recent genome-wide screenings using array comparative genomic hybridization (aCGH) with BAC clones and representational oligonucleotide microarray analysis (ROMA) have identified hundreds of apparent copy-number variations (CNVs), alternatively referred to as large-scale copy-number variations (LCVs) or copy-number polymorphisms (CNPs), among apparently normal individuals [77] [78] [79] . These rearrangements ranged in size between 100 kb to 2 Mb (average 300-460 kb), encompassed genes and were associated in several cases with LCRs. In support of these findings, recently, Sharp et al. [80] demonstrated that LCRs are a major stimulator of large-scale variation in the human genome. Using in silico analysis, they identified 130 potential rearrangement hotspots flanked by LCRs and by a custom aCGH with over 2,000 BAC clones they identified 119 CNPs, 73 of which were previously unreported. The extent to which copy-number variation occurs among different world populations, and to what extent they may convey either Mendelian or complex traits, remains to be determined. The gain or loss of copy-number is reflected by deviation of the yellow color signal present when there is a 1:1 ratio of both DNAs. b In the MLPA technique, the A and B PCR primers specific for the adjacent DNA fragments of the analyzed genomic region are labeled with AЈ and BЈ unique sequence that will be used subsequently for the PCR amplification. After the hybridization step, both primers are ligated and later denatured from the target DNA. The AЈ and BЈ fragments of the ligation product serve as a template for the PCR reaction and reflect the copy-number of the analyzed locus. Both techniques are sensitive enough to detect 1.5:1 duplication ratio changes. 
Methods for Analysis of Genomic Disorders
For many years the detection of large Ͼ30 kb yet submicroscopic (Ͻ2-5 Mb and beyond the level of resolution of conventional G-banding) rearrangements associated with genomic disorders required pulsed-field gel electrophoresis (PFGE) and fluorescence in situ hybridization (FISH) techniques to resolve genomic changes of such magnitude [37, 67] . The public availability of the human genomic DNA sequence as a result of the efforts of the Human Genome Project enabled the computational analysis of genomic regions and has been an important adjunct for PFGE and FISH; however, these technologies are still limited to the examination of specific genomic regions. Recently, progress in the development of aCGH has enabled high-resolution screening of the entire genome simultaneously.
Array CGH
The replacement of metaphase chromosomes as targets in conventional CGH with BAC or PAC (bacterial or P1 artificial chromosome) clones immobilized as arrays on glass slides enables detection of copy-number changes throughout the entire human genome with a much better resolution (ϳ150 kb vs. ϳ5-10 Mb) ( fig. 2a) [81, 82] . The level of resolution is essentially without limit, depending only on the size and distance between the arrayed interrogating probes. aCGH has been applied successfully for the analysis of chromosome regions [83] [84] [85] , whole chromosomes [86] , and entire genomes in a single test [87] [88] [89] [90] . Recently, aCGH proved also to be a powerful and promising method supplementing current routine diagnostic procedures in clinical cytogenetics [91] [92] [93] . Different kinds of target DNAs including cDNAs [94] , PCR products [95] , and oligonucleotides [96, 97] have been used successfully.
Multiplex Ligation-Dependent Probe Amplification (MLPA)
As an alternative approach for genome-wide screening for the detection of specific large deletions or duplications in genomic DNA, a quantitative PCRbased technique called multiplex ligation-dependent probe amplification (MLPA) has been applied [98] (fig. 2b) . This method is a refinement of the multiplex amplifiable probe hybridization (MAPH) approach [99] that has been used for screening of subtelomeric chromosome abnormalities [100] [101] [102] .
Conclusions
Recent application of novel and promising genome-wide screening techniques, aCGH, and MLPA that enable detection of submicroscopic unbalanced genomic rearrangements together with intensive in silico analysis of the publicly available DNA sequence from the Human Genome Project have demonstrated a previously underappreciated role for genomic rearrangements as a cause of genetic diseases. The results of intensive studies of genomic architecture in unstable chromosome regions, such as proximal 17 p, elucidated LCR/NAHR and NHEJ as major molecular mechanisms responsible for recurrent and nonrecurrent genomic rearrangement, respectively. Depending on the gene content, genome architecture-catalyzed rearrangements can manifest with frequent well known genomic disorders or be associated with CNVs whose phenotypic consequences remain to be determined.
